Trapping and handling of mice was approved by local authorities ("Landesamt fuer Gesundheit, Umwelt und Verbrauchersschutz Brandenburg") under permit number 35 -101 2014-2347.
Introduction
Hybrid zones can be studied over decades and allow inference regarding the impact of the different endogenous and exogenous forces at play in the process of hybridization (Barton and Hewitt 1985) .
The European house mouse hybrid zone (HMHZ) is a tension zone characterized by selection against hybrids replaced by immigrating less admixed mice (Barton and Hewitt 1985) . After ∼500 000 years of (mostly) allopatric divergence two house mouse subspecies, Mus musculus domesticus and Mus musculus musculus (hereafter Mmd and Mmm), have come into secondary contact in Europe as a result of different colonization routes south and north of the Black Sea, respectively (Boursot et al. 1993 , Duvaux et al. 2011 . The HMHZ is about 20 km wide and more than 2500 km long, running from Scandinavia to the coast of the Black Sea (Boursot et al. 1993 , Macholán et al. 2003 , Jones et al. 2010 .
This zone represents a semi-permeable barrier to gene flow between the two taxa (Macholán et al. 2007 . The main selective forces acting against hybrids are thought to be endogenous rather than ecological (Boursot et al. 1993, Baird and , for example disruption of spermatogenesis in hybrids (Albrechtová et al. 2012 , Turner et al. 2012 .
The relevance of hybridization, producing individuals admixed between genetically distinct populations, is increasingly recognized by biologists. Mallet (2005) suggested that hybridization occurs in more than 10% of animal species and 25% of vascular plant species.
Recently, the realization that our own species is a product of hybridization has raised interest further (Green et al. 2010) . In a conservation context hybridization with introduced species can threaten autochthonous endangered animals (Simberloff 1996) .
Parasites are omnipresent in natural systems and so it is important for biologists interested in hybridization to comprehend the interplay between parasites and hosts under hybridization.
The HMHZ was one of the first animal hybrid zones studied for differences in parasite loads (Sage et al. 1986) . Parasites are traditionally seen as decreasing their hosts' fitness, and differences in resistance to parasites between hybrid and pure hosts was suggested to affect the dynamics of hybrid zones (Fritz et al. 1999 ). This traditional framework postulates differences in parasite loads in hybrids vs. parental hosts to result in effects on the strength of host species barriers.
Initial results on parasites obtained in the HMHZ and experimental studies seemed to indicate elevated parasite loads in hybrids. This has been interpreted as potentially leading to fitness reductions in hybrids, hampering hybridization and thus reinforcing species barriers (Sage et al. 1986 , Moulia et al. 1991 , Moulia et al. 1993 . Infection experiments using the protozoan Sarcocystis muris led to a similar conclusion (Derothe et al. 2001) . Other laboratory experiments, however, showed either no hybrid effect on helminth load or even reduced load in hybrids compared to pure mouse strains (Moulia et al. 1995 , Derothe et al. 2004 . The field study with arguably the highest statistical power found reduced helminth loads (especially the pinworms Aspiculuris tetraptera and Syphacia obvelata and the whipworm Trichuris muris) in hybrid mice . It should also be noted that the design of the field studies preceding the reappraisal usually suffered from low sample sizes and/or maintenance of mice under laboratory conditions before assessment of parasite burden, which may have allowed spurious signal to dominate the results. Nevertheless, even the basic direction of parasite load differences in hybrid mice compared to parental genotypes seems still controversial to some researchers.
We now see that, despite working within the framework of the same hybrid zone, two different interpretations of parasite loads in hybrid mice have arisen. One way forward in such circumstances is to check over replicates. To distinguish between the load interpretations we therefore, in a new transect replicate of the HMHZ, asked if (1) parasite loads are higher or lower in hybrids compared to parentals, and (2) if these loads are consistent, or differ, across two levels of pathogenicity.
Pinworms (oxyurids) have been shown to be the most prevalent helminths infecting house mice in the HMHZ . They are broadly distributed, can reinfect their hosts throughout their lives, and may be considered almost non-pathogenic (Taffs 1976) .
Eimeria spp. are often considered host-specific, with several thousand species parasitizing different vertebrates (Haberkorn 1970 , Chapman et al. 2013 . These parasites infect the intestinal epithelial cells of vertebrates and induce symptoms such as weight loss and diarrhoea.
For example, infecting the NMRI mouse laboratory strain with Eimeria oocysts isolated from mice captured in the HMHZ resulted in a weight loss up to 20% compared to control (Al-khlifeh et al. 2019) . Work in wild rodents indicates high pathogenicity of Eimeria spp. under field conditions: in populations of bank voles (Myodes glareolus), Eimeria spp. reduce body condition of both mothers and of offspring at birth (Hakkarainen et al. 2007 ). In deer mice these Eimeria affect overwinter survival of males (Fuller and Blaustein 1996) We assessed Eimeria infection in a novel transect of the HMHZ in Brandenburg, northeastern Germany, testing the impact of host hybridization on intensity of this parasite. By focussing on parasite intensity (extent of parasite infection in only infected hosts; Bush et al. 1997 ), we arguably exclude ecological and epidemiological factors for differences in load (i.e. parasite prevalence and abundance, the latter defined as parasite load in all hosts). We show that (1) parasite loads are consistently lower in hybrids compared to parental genotypes in the HMHZ and (2) that this pattern is consistent across two different levels of pathogenicity.
Material & Methods

Sampling
Our sampled individuals consist of 660 house mice trapped using live traps placed in farms or houses between 2014 and 2017. The study area ranges from 51.68 to 53.29 degrees of latitude (200 km) and from 12.52 to 14.32 degrees of longitude (140 km). Each year mice were trapped in September when it is possible to capture a high number of mice in this region. In addition, sampling at the same season every year reduces potential seasonal variation (Haukisalmi et al. 1988 , Abu-Madi et al. 2000 . The trapping was designed to capture both parental and hybrid/recombinant populations. Mice were individually isolated in cages and then euthanized by isoflurane inhalation followed by cervical dislocation and dissection within 24 hours after capture (animal experiment permit No. 2347/35/2014). Tissue samples (muscle and spleen) were put to liquid nitrogen and stored at -80°C for subsequent host genotyping. Digestive tracts were dissected and inspected for helminth parasites (see below). Ileum, caecum and colon tissues were frozen in liquid nitrogen and then stored separately at -80°C. Individual mice were measured (body length from nose to annus) and weighted.
Host genotyping
The admixture proportion of mouse genomes across the HMHZ was estimated for each mouse as a value of the hybrid index (HI) calculated as a proportion of Mmm alleles in a set of 4-14 diagnostic markers (at least 10 loci in 92% of the mice). This set consists of one mitochondrial marker (BamHI, a restriction site in the Nd1 gene; Munclinger et al. 2002 , Božíková et al. 2005 , one Y-linked marker (presence/absence of a short insertion in the Zfy2 gene; Nagamine et al. 1992, Boissinot and Boursot 1997) , six X-linked markers (three B1 and B2 short interspersed nuclear elements in Btk, Tsx (Munclinger et al. 2003) , and Syap1 (Macholán et al. 2007 ), X332, X347 and X65 (Dufková et al. , Ďureje et al. 2012 ), and six autosomal markers (Es1, H6pd, Idh1, Mpi, Np, Sod1; Macholán et al. 2007) . HIs ranged from 0 to 1, HI of 0 indicating a pure Mmd and HI of 1 a pure Mmm (Macholán et al. 2007 .
The course of the HMHZ across the study area was estimated using the program Geneland v4.0.8 (graphical resolution increased over defaults) based on a subset of the six autosomal markers that were genotyped in all mice. Geneland uses a Markov chain Monte Carlo (MCMC) approach to combine both geographical and genetic information (Guillot et al. 2005) . The number of clusters was set to 2, 10 6 MCMC iterations were performed and saved every 100th iterations (10 4 iterations saved). The first 200 iterations were discarded as burn-in and the resolution of the map was set to 2000 pixels for the x axis and 1400 for the y axes corresponding roughly to 1 pixel for 100m .
Parasite load estimation
Mouse digestive tracts were dissected and inspected for helminth presence with a binocular microscope. Helminths were counted and stored in 70% ethanol for later identification by molecular analysis and, when more than one worm per host was present, in 3.5% formalin for later morphological comparison with species descriptions. In this study we considered only the most prevalent helminths, the oxyurids Syphacia obvelata and Aspiculuris tetraptera. RealPlex 2 thermocycler (Eppendorf, Hamburg, Ⓡ Germany) with the following amplification program: 95°C initial denaturation (2 min) followed by 40 cycles of 95°C denaturation (15 s), 55°C annealing (15 s) and 68°C extension (20 s). Melting curve analyses were performed in order to detect primer dimer formation and unspecific amplification. ΔCt was calculated as difference of the threshold cycle (Ct) between mouse and Eimeria spp. values (corresponding to a log2 ratio between parasite and mouse DNA). We considered ΔCt = -5 our limit of detection (Ahmed et al. 2019 , Jarquín-Díaz et al. 2019 . Samples with a ΔCt lower than -5 were considered negative (unspecific signal due to amplification of non-target DNA).
Samples with a ΔCt higher than -5 for at least one of the two intestinal tissues were considered positive, and in the case of detection in both tissues, the higher value was taken as a proxy of individual parasite load. This parasite load of the intestinal tissue stage is denoted as "ΔCt Mouse−Eimeria " throughout this paper.
General parasite assessment
As the distributions of parasite loads are expected to be highly skewed (Bliss and Fisher 1953) , the median (as an estimator for the mode) is more informative than the mean (Rózsa et al. 2000) . We therefore took the median of parasite load across all hosts (median abundance) and of parasite load of infected host (median intensity) for pinworms, and only median intensity for Eimeria spp. Prevalence (relative frequency of infected individuals amongst all tested individuals) confidence intervals were obtained with Sterne's exact method (Sterne 1954 , Reiczigel et al. 2010 . Calculations were performed using the epiR package (Nunes et al. 2018 ) running within the R statistical computing environment (R Development Core Team 2008).
Statistical prediction of probability of infection by parasites along the hybrid zone
The parasite infection process can be split into two components: probability of infection, and parasite burden following infection.
Absence of parasite in a given host can result from either absence of exposure to parasite or complete host resistance, while quantitative parasite load depends on intrinsic host or parasite components or their interactions. These two components rely on different mechanisms, and therefore should be assessed separately (Poulin 2013) .
Firstly, we considered the predicted probability of infection along the HI. We used a proxy of "genetic distance to zone centre": for individuals with HI between 0 and 0.5 the proxy is HI, for individuals with HI between 0.5 and 1 the proxy is 1 -HI. This was used to model a dichotomous response variable (uninfected = 0; infected = 1) by logistic regression, as a linear combination of the predictor variables "genetic distance to zone centre" and "Sex" (including interactions).
Analyses were done in R with the function glm from the stats package (R Development Core Team 2008).
Statistical test of the host hybridization effect on parasite intensity
Secondly, it has been shown that macroparasites tend to aggregate within their hosts, the majority of host carrying no or a low burden, and a minority a high one (Shaw and Dobson 1995) . We modelled this distribution of parasite burden in infected hosts as negative binomial.
Following the approach of , we tested if hybrid mice had higher or lower parasite burdens than that expected in case of additivity (if the relationship between host parasite load and hybrid index was linear). The hybridization level on each individual was modelled as the degree to which new gene combinations are brought together compared to the pure subspecies. This was estimated from the hybrid index using the function for expected heterozygosity :
The parasite load for a given HI was then estimated as follows:
where L1 is the parasite load of pure Mmd, L2 the parasite load of pure Mmm, and alpha the hybridization effect (deviation of parasite estimated load from the additive model). We considered four nested hypotheses increasing in complexity, and compared them with the Gtest (likelihood ratio test) to consider a more complex hypothesis only when justified by a significant increase in likelihood. Expected parasite load is fixed to be identical for both subspecies and both host sexes in hypothesis H0. The more complex H1 allows load differences for the host sexes, H2 allows different loads between the subspecies at the extremes of the hybrid index, and H3 allows differences both between the subspecies and sexes.
Adequate distributions of values for each parasite and detection method considered were selected using log likelihood and AIC criteria and by comparing goodness-of-fits plots (density, CDF, Q-Q, P-P) (R packages MASS (Venables and Ripley 2002) and fitdistrplus (Delignette-Muller and Dutang 2015)). The negative binomial distribution should perform well for macroparasite counts (Crofton 1971, Shaw and Dobson 1995) , which was confirmed for helminths ). Values of (ΔCt Mouse−Eimeria ) were found to be well described by the Weibull distribution after being positively shifted.
The Negative Binomial distribution is parameterized by two arguments:
its expectation (Expected Load, Eq. 2), and the inverse of its aggregation defined, which is allowed to vary across HI as:
Z being the deviation from the additive model, in proportion to He, which is maximal in the zone centre . The Weibull distribution is parametrized by its shape and scale parameters (allowed to vary freely during maximum likelihood search) linked by the formula: Scale = ExpectedLoad / (1 + 1/ shape) , (Eq. 4) Ⲅ Ⲅ being the gamma function.
We fit the models using likelihood maximisation (using the R package mle2; Bolker and Team 2017) . Parasite load was estimated either including or excluding the hybridization effect parameter (by setting HI = 0 in ExpectedLoad), and we compared these two models using the G-test. In the case of ΔCt Mouse−Eimeria , the Weibull distribution requires positive values as input. Therefore, we estimated an extra "shift parameter" by maximum likelihood at 7.14.
Test of body condition differences between infected and noninfected mice along the hybrid zone
Residuals from ordinary least squares regression of body weight by body length were estimated for each individual, separately for males and females. Pregnant females were excluded from the analysis.
Individuals with a positive residual were considered in better condition than individuals with a negative one, as this index correlates with variation in fat, water, and lean dry mass (Schulte-Hostedde et al 2005) . We tested if hybrid mice had higher or lower residuals than that expected for intermediate between pure hybridizing taxa ("additivity"), and if the potential hybridization effect was different between infected and not infected mice, for Eimeria spp. as well as for pinworm infections. Differences between the subspecies were allowed.
Values of residuals of body weight by body length regression are well described by the Normal distribution, parametrized by its standard deviation (allowed to vary freely during maximum likelihood searches) and its mean defined as:
where R1 is the expected residual value of pure Mmd, R2 the expected residual value of pure Mmm, and alpha the hybridization effect.
We fit the models using maximum likelihood (using the R package mle2; Bolker and Team 2017), either including or excluding the hybridization effect parameter (by setting HI = 0 in ExpectedResiduals), and we compared these two models using the Gtest.
All graphics were produced using the R packages ggplot2 (Wickham 2016 ) and ggmap (Kahle and Wickham 2013) , and compiled using the free software inkscape v.0.92 (https://inkscape.org).
Results
Host genotyping and characterization of the HMHZ for a novel transect
We caught and genotyped a total of 660 mice ( 
Parasite prevalence and intensity
To investigate Eimeria infections we checked 384 mice sampled in 2016 and 2017 for the presence and intensity of tissue stages (Fig. 2a ). 
Similar prevalence of parasites across the zone
In order to control for the simple case of a host density trough at the zone centre, we tested if the probability of being infected was significantly lower for individuals at the host zone centre. Logistic regression using a linear combination of the predictor variables "genetic distance to zone centre" and "Sex" (including interactions) didn't show any statistically significant effect (p > 0.05) on the probability of infection, neither for Eimeria spp. (Fig. 2b ) nor for pinworms ( Fig. 3b ). We therefore could not find evidence of significantly more or less uninfected hosts in the centre hybrid zone, neither for Eimeria nor pinworms.
Eimeria spp. load is lower in infected hybrid vs pure Mmm and
Mmd mice
To test more specifically the intrinsic host-parasite interplay of hybrids compared to pure mice, we considered only individuals infected by Eimeria spp. tissue stages (N = 70). Complex models involving differences between sexes and parental taxa did not fit the data significantly better than the null model ( Supplementary Table S2 ). The fit involving the hybridization effect, however, showed significantly higher likelihood than the model without it (G-test; p-value = 0.02).
Infected hybrids had significantly lower load of Eimeria spp. tissue stages than expected if the load was linear along the hybrid index, with a hybridization effect parameter alpha of 0.74 (Fig. 2d , values of parameters of the fitted model given in Table 1 ).
Pinworm load is lower in infected hybrid vs. pure Mmm and
Mmd mice
We tested pinworm intensity (N = 307) in infected hybrids comparing them to infected 'pure parental' mice in our Brandenburg transect, excluding potential ecological and epidemiological confounders in the same way. The model allowing differences between the parental taxa and sexes (H3) was found to fit our observations significantly better than the less complex models ( Supplementary Table S2 ). For both sexes, the fit including the hybridization effect showed significantly higher likelihood than the model without it (G-test; p-value = 0.04 for females, p-value < 0.001 for males). Infected hybrids had significantly lower pinworm load than expected if the load was linear along the hybrid index, with the hybridization effect parameter alpha 0.91 (females) and 1.46 (males) (Figure 3d , values of parameters of the fitted model given in Table 1 ).
Comparison of pinworms loads with previous reports
To compare the strength of the hybridization effect between our Brandenburg transect and the Czech-Bavarian portion of the HMHZ we applied the H1 model (differences between the taxa but not between the host sexes) to our pinworm abundance data, once with freely varying alpha (fit 1), and once with alpha set to 1.39 as in Baird et al.
(2012) (fit 2). Within fit 1, alpha was found significant (G-test; p-value < 0.001). The comparison between the model with freely varying alpha (fit 1) and that using fixed alpha (fit 2) showed no significant likelihood difference (G-test; p-value = 0.11). Therefore, we can conclude that pinworm load differences found in hybrids in this study are consistent with the results obtained in the previously studied Czech-Bavarian transect .
No evidence of body condition differences between infected and non-infected mice along the hybrid zone
To test whether infections have a different effect in hybrids vs. parental mice we assessed body condition, which could be a better proxy for host health than parasite load. Modelling of the residuals from ordinary least squares regression of body weight by body length along the hybrid zone (Fig. 4a) p-value = 0.90) showed a hybridization effect in body condition index (Fig. 4b) . The same was true for pinworm infected individuals (G-test;
p-value = 0.44) or pinworm non-infected individuals (G-test; p-value = 0.96; Fig. 4c ).
Discussion
We found lower intensities of the intracellular parasites Eimeria spp. and intestinal parasite pinworms in hybrid than in parental subspecies hosts in a previously unstudied transect of the European HMHZ. Lower intensity in hybrids is unlikely to be explained by epidemiological differences across the HMHZ, as we did not find the probability of infection to be similarly reduced in hybrid hosts.
House mouse hybrids are late generation in the European HMHZ (Macholán et al. 2007 ) and therefore should not be considered in categories, but rather on a continuous scale when analysing parasite infections or any other trait . We followed the statistical analysis of and explicitly modelled the effect of hybridization on parasite intensity by approximating the number of new combinations of genes brought together in a hybrid genotype by its expected heterozygosity (He). In other words we used
He to derive non-linear predictions for hybridization effect based on the observed individual hybrid indices. This involved extending the existing approach to de-confound the prevalence and intensity aspects of parasite load. To increase reproducibility, we make our analysis available in an R package . The package allows statistical modelling with distributions additional to the original negative binomial distribution for (worm) count data ). This allowed us to model the intensity of Eimeria infections as measured by a recently established quantitative PCR (Ahmed et al. 2019 , Jarquín-Díaz et al. 2019 , Al-khlifeh et al. 2019 ).
To our knowledge no studies have previously tested the effect of mouse hybridization on parasites other than helminths in a field setting of the HMHZ. To understand parasite processes in host hybrid zones, it is necessary to sample across different axes, one of them being pathogenicity of the parasite. Eimeria is very likely more pathogenic than pinworms (Al-khlifeh et al. 2019 , Hakkarainen et al. 2007 , Fuller and Blaustein 1996 . The latter are common in laboratory facilities and often considered to provoke subclinical symptoms (Baker 1998) A novel aspect of our work compared to previous studies of parasitism in the HMHZ is the separate study of parasite prevalence and intensity.
This approach should not only reduce problems in statistical inference caused by false negative measurements (so called zero-inflation) but also allows us to address two different questions separately: (i) Is the probability of infection different for hybrids and pure subspecies? and (ii): Is there a difference in parasite intensity between infected hybrid and infected pure individuals?
An illustrative example of an ecological factor that could potentially lead to epidemiological differences is the density of hosts. Densities of mouse populations in the HMHZ centre may be lower than outside (either due to selection against hybrids or because the HMHZ as a tension zone tends to be trapped in "density troughs" sensu Hewitt 1975 ). Host density is expected to be positively correlated with pathogen transmission (Anderson and May 1979) and as a result prevalence may be higher in more dense populations (Morand and Guégan 2000) . This is, however, not a general law as host density and
Eimeria spp. prevalence are, for example, negatively correlated in bank voles (Winternitz et al. 2012 ). Independent of the direction of the effect, correlation between abundance and prevalence could be confounded with intrinsic effects of hybrid hosts.
Our analysis of prevalence (presence/absence in a logistic regression), did not however show any significant decrease of this probability of infection towards the centre of the zone, for neither Eimeria spp. nor pinworms. We argue here that, in conjunction with higher intensities, this distinguishes intrinsic hybrid effects from potential ecological and epidemiological confounders.
Animals tolerant of low-pathogenic parasites might not suffer fitness reduction during high parasitemia. This could be the case, for example, if the parasite is beneficial for the host's interaction with other parasites (Heitlinger et al. 2017) or if immune responses against the parasite are costly relative to the harm it causes (Råberg et al. 2007 ).
In addition, according to the "Old Friend" (or "Hygiene") hypothesis, the constant presence of helminths in natural populations has led to the evolution of a background basal release of regulatory cytokines (Rook, 2009 ) which might in turn impact the outcome of more pathogenic infections. Even for relatively pathogenic parasites, such as Eimeria, differences in resistance could be uncoupled from health effects by differences in tolerance (Råberg et al. 2007 ). For these reasons parasite load in itself should not be blindly considered as a proxy for host health and certainly not for host fitness comparisons across hybrid zones (Baird and Goüy de Bellocq, 2019) . We here used body condition as a proxy for the health component of host fitness. We, however, did not find evidence for differences in body condition between hybrids and pure mice upon infection. We conclude that we do not have evidence that lower parasitemia in hybrids increases their health.
It is worthwhile expanding on the above. (Albrechtová et al. 2012 , Turner et al. 2012 ). If reduced parasite intensity is host driven (and not a result of host-parasite interactions) one could conclude that some physiological systems (e.g.
reproductive) may be more dependent on "co-adapted complexes", while others -such as the immune system -benefit from diversity. This latter would be hybrid vigour in the narrow sense ), but would still not necessarily lead to any effects on host species barriers (Baird and Goüy de Bellocq, 2019) .
We can in future ask whether host (immunity and resistance) parasite (infectivity and virulence) or their interactions are underlying reduced parasite intensity in hybrid house mice. Eimeria spp. are suitable pathogens to perform experiments and field studies in this endeavour.
A prime candidate locus for mediating a positive effect of hybridization on the immune system (hybrid vigour) is the major histocompatibility complex (MHC). In mice two genes of the MHC showed different levels of polymorphism as well as population structure with many alleles inferred to be shared between the subspecies by maintenance of ancestral polymorphism (Čížková et al. 2011) . Additionally, the small demes of house mice can function as reservoirs of MHC alleles, contributing to the diversity of this system across demes and populations (Linnenbrink et al. 2018 (Skevaki et al. 2015) . Previous work on toll-like receptor 4 already suggests different evolutionary patterns between the house mouse subspecies (Fornuskova et al. 2014) . For host parasite interactions major candidate loci are immunity related GTPases on the host side and rhoptry kinases in coccidia (Lilue et al. 2013 ).
Hybridization has played a significant role during and after the divergence of house mouse subspecies as well as during the formation of "classical inbred strains" (Yang et al. 2011 show no difference for infected mice (light green) and non-infected mice (grey). The optimized fit is represented by a solid line, the 95%CI of the fit as all parameters are allowed to vary in their 95%CI, is plotted as a grey ribbon. The 95%CI of the hybridization parameter alpha, as all parameters are fixed to their fitted value while alpha is allowed to vary in its 95%CI, is plotted as dashed lines. 
